Context: Fetal stress is relevant to newborn outcomes. Corticosterone is rarely quantified in human clinical endocrinology and is found at much lower concentrations than cortisol. However, fetal corticosterone is a candidate hormone as a fetal stress signal.
Introduction
Mechanisms of communication between the human fetus and mother are largely unknown, and are vital to our understanding of parturition, preterm labor and other adverse antenatal events in pregnancy such as preeclampsia and intrauterine growth restriction. Many molecules have been postulated [1] [2] [3] , but only a few have moderate positive predictive value clinically tested in humans [1] [2] . The role of fetal adrenal steroids as a mechanism for fetal stress signaling to the mother has been problematic to study because fetal cortisol synthesis is difficult to detect against the high background of maternal cortisol. As well, intra-partum cord blood samples have failed to support cortisol as a good biomarker of fetal stress responses in utero [4] .
As early as 1971, however, significant newborn corticosterone synthesis was established through recovery of injected isotopes of corticosteroid precursors [5] . Comparison of pregnancies with a normal or an anencephalic fetus confirmed that corticosterone of late pregnancy was of fetal origin [6] . Corticosterone remained in fetal peripheral circulation after birth but was slowly replaced by newborn cortisol [7] . An influential paper in 1980 [8] , highlighted fetal production of corticosterone in a pregnancy without maternal adrenals, but discussed those data in the context of the potential for fetal corticosterone to serve as a proxy for fetal cortisol, rather than as an independent fetal steroid.
Fetal secretion of corticosterone in response to fetal stress would result in a concentration increase between venous (coming from the placenta towards the fetus) and arterial (moving from the fetus towards the placenta) umbilical circulation. In this context, the current study tested the hypothesis that fetal stress in labor would be signaled through preferential synthesis of corticosterone. After confirmation, by liquid chromatography -tandem mass spectrometry (LC-MS/MS), that the human fetus secretes corticosterone, the study was designed to test the hypothesis that fetal corticosterone synthesis would be positively associated with clinical measures of fetal stress during delivery. Fetal corticosterone synthesis was defined as an increase in corticosterone concentration as blood circulated from the umbilical vein, through the fetus, to the umbilical artery. Specific hypotheses were: 1) Passage through the birth canal after labor (vaginal deliveries) will increase fetal stress, and be reflected in enhanced immediate postnatal fetal corticosterone synthesis, relative to all Caesarian deliveries; 2) Within the group with vaginal delivery, clinical interventions that alter maternal antenatal experiences (maternal regional analgesia or augmentation of contractions with oxytocin analogues) will not alter fetal stress, and therefore will not alter fetal corticosterone synthesis; and 3) With emergency Caesarian delivery, failure to progress in stage 2 of labor, representing the fetal stress of labor with cephalopelvic disproportion, will result in higher fetal corticosterone synthesis than earlier decisions for Caesarian section (i.e., fetal heart rate abnormalities in labor or failure to progress in stage 1 of labor). To assess relative fetal synthesis of corticosterone and cortisol, the same hypotheses were also tested for cortisol.
Method

Ethics Statement
This research was granted ethics approval by the University of Calgary Conjoint Health Research Ethics Board (CHREB) as Project E22197. Written consent, on a form approved by the CHREB, was obtained, witnessed, and a copy returned to the participant, from pregnant subjects at the time of admission to labor and delivery. Consent addressed access to labor and delivery chart records and approval for additional umbilical cord blood blood sampling, immediately after the standard clinical practice of obtaining umbilical cord samples for pH and blood gases, to quantify corticosteroid hormones. Placenta and umbilical cord are discarded after the birth, and no access to the infant medical record was needed. Chart data were coded by author HEE, an Obstetrician-Gynecologist, and hormone analyses in the research setting were blind to patient name.
Subject Pool
Between July 2009 and March 2010, written consent was obtained from 300 pregnant subjects at the time of admission to labor and delivery at the Rockyview General Hospital in Calgary, AB. No attempt was made to assess ethnicity or socioeconomic status. The catchment area for this hospital is predominantly middle class and suburban. Mothers had a mean maternal age of 30.7 years (range 15-42 yr, median 31 yr) and a median parity of 1 (range 0-5). The delivery record provided sex of the baby, birth weight, gestational age and measures of fetal condition at delivery (transfer to the Neonatal Intensive Care Unit (NICU), cord pH, base excess, and Apgar scores at 1, 5 and 10 minutes). After screening the charts to exclude multiple births and pre-term deliveries (#37 weeks), all of the 265 infants included in the study were considered healthy. Only three infants had APGAR scores #6 at 5 minutes and only 15 infants were transiently admitted to the NICU.
Chart Measures
The following chart-based criteria were used: a) Mode of delivery. The delivery record was used to identify the type of delivery as vaginal, elective Caesarian section without labor, or emergency Caesarian section with history of labor. Successful operative interventions (vacuum or forceps) were coded with Vaginal cases. b) Maternal regional analgesia and/or pharmacological augmentation of contractions. All vaginal deliveries were coded for the presence or absence of maternal regional analgesia and the use or non-use of pharmacological agents to augment contractions (in this unit, SyntocinonH). c) Rationale for emergency Caesarian section. Subjects were divided into three categories of rationale for decision to proceed to emergency Caesarian section: i) Fetal heart rate (FHR) abnormalities in labor (variable decelerations (moderate or severe), late decelerations, decreased variability, and/or tachycardia); ii) Failure to progress/dilate in stage 1 of labor (FTP1; a combination of inadequate contractions and/or early detection of cephalopelvic disproportion); iii) Failure to progress/descend in the pelvis in stage 2 of labor (FTP2; maternal pushing and intense contractions with head compression due to cephalopelvic disproportion).
Serum Collection
There was no interference with normal post partum protocol which routinely samples umbilical arterial blood for pH and acidbase status. In situations where risk factors for adverse perinatal outcome existed (i.e., emergency Caesarian sections, low 5-minute Apgar score, severe growth restriction, abnormal fetal heart rate tracing, intrapartum fever), both arterial and venous samples were routinely obtained as measures most representative of fetal metabolic condition and arterial acidemia at birth (which quantifies the degree of perinatal asphyxia) [9] . After that routine sampling, but prior to delivery of the placenta, one nonheparinized, 'red top', vial of venous and another of arterial whole blood were collected by needle aspiration (16 gauge) for this study. Less than 18% of arterial samples obtained by needle aspiration were expected to be contaminated with venous blood [10] . Samples were immediately refrigerated, and allowed to stand for at least one hour (range 1-12 h, median ,4 h), before being centrifuged (4000 G for 5 min). Serum was separated and stored at 220uC until delivery to the research laboratory for hormone analysis.
Corticosteroid Quantitation
Samples were thawed and a 100 ml serum aliquot was subjected to protein precipitation by the addition of 100 ml of 8.9 mg/ml zinc sulfate containing deuterated internal standards of 10 ng/ml cortisol-d4 and 5 ng/ml corticosterone-d8 (CDN Isotopes Inc, Pointe Claire, QC; D-5280, D-5822). The mixture was vortexed for 30 sec, stored at 220uC for 15 min, and centrifuged at 21000 G for 10 min. A supernatant volume of 150 ml was then transferred to a liquid chromatography vial. Following sample preparation, corticosterone and cortisol concentrations were quantified in a single injection by liquid chromatography-tandem mass spectrometry (LC-MS/MS; [11] [12] [13] [14] ). Specifically, 40 ml of the supernatant was injected onto a 50 mm62.1 mm, 2.6 m KinetexH C18 HPLC column (Phenomenex, Torrance, CA) using an Agilent 1200 LC system with autosampler (Agilent Technologies, Mississauga, ON). The chromatographic separation was performed by gradient elution (15 min) at a flow rate of 0.3 ml/ min using Optima grade water containing 0.1% formic acid (mobile phase A) and methanol containing 0.1% formic acid (mobile phase B). The LC system was coupled to an AB Sciex QtrapH 5500 tandem mass spectrometer (AB SCIEX, Concord, ON) fitted with a Turbo Ion Spray source. The ion spray voltage was set at 5500 V with a source temperature of 350uC. Nitrogen was produced by a high purity nitrogen generator (Parker Balston, Haverhill, MA), and was employed as the curtain, drying and collision gases. Cortisol and corticosterone were monitored in positive ion mode using multiple-reaction monitoring (MRM). MRM transitions used were: Cortisol 363/121; Cortisol-d4 367/ 121; Corticosterone 347/91; and Corticosterone-d8 355/337. Non-deuterated steroid standards were obtained from SigmaAldrich, Oakville, ON (cortisol H4001; corticosterone 27840). LC-MS/MS analyses were conducted over multiple runs in six batches. Cortisol and corticosterone concentrations were determined as area ratios relative to the bio-identical deuterated internal standard (IS) in the same sample and are reported as ng/ ml. The intra-assay CV (standard deviation/mean *100) was calculated using the analyte/IS area ratio for six replicates of a low-concentration Quality Control (QC) prepared in charcoal stripped human serum spiked with 50 ng/ml cortisol and 0.5 ng/ ml corticosterone, run on a single day. Inter-assay CV could not be calculated by the same method because the IS stock was prepared twice over the study. Instead, the inter-assay CV was calculated from the inferred concentration obtained for six replicates of the identical QC quantified in six different analytical runs on different days. Resulting intra-and inter-assay CV's were 4.5% and 2.9% for cortisol, and 5.8% and 3.6% for corticosterone. No samples fell outside of the linear range of the calibration curve.
Analytical Parameters
Fetal corticosteroid synthesis was defined as the concentration difference between the corticosteroid level in the umbilical artery (circulation that has passed the fetus and is returning to the placenta) and the umbilical vein (circulation from the maternal/ placental interface towards the fetus). This is represented in the results as [A-V] in ng/ml. In addition, a parameter representing the proportional change in corticosteroid concentration attributable to the fetus ([A-V]/V) was calculated for which negative values represent fetal clearance of corticosteroid, zero represents no change, and values of 1.0 represent a doubling, or 100%, increase in concentration. Analyses also report the absolute concentrations for information. By definition, corticosteroid clearance across the placenta [V-A] was equal in magnitude, but opposite to, fetal synthesis [A-V]. Analytical hypotheses were designed to detect fetal corticosterone synthesis with the prediction that [A-V] corticosterone would be positive ([A-V] .0) and would increase in response to fetal stress. Note that attribution of the concentration change to the materno-placental side of the umbilical circulation, in contrast, would require fetal stress to bypass responses in the fetal adrenal and act, instead, through differential placental clearance of corticosterone and/or decreased maternal corticosterone reaching and crossing the placenta. Thus, parsimoniously, [A-V] .0, and increasing with increasing fetal stress, was interpreted as evidence of fetal corticosterone synthesis in response to fetal stress.
Statistical Analyses
Distributions for all data were checked for normality, and normality after log(x +1) transformation. Statistical tests were chosen based on those distributions. Results could not be modeled as a single database, because parameters of interest were not independently distributed (i.e. Caesarian section was always accompanied by maternal analgesia and elective C-section was never preceded by active labor). Instead, subsets of the sample population appropriate for each hypothesis were hierarchically tested. When group variances were unequal (Bartlett test), comparisons between groups used Welch ANOVA for unequal variances with post hoc Dunnett's Method to compare means against control or Wilcoxon non-parametric comparisons as indicated. All analyses were conducted using JMP version 9.0.2 (SAS Institute, North Carolina) and applied 0.05 as the critical alpha threshold.
Results
Both Corticosteroids were Present in Every Sample
Both cortisol and corticosterone were always quantifiable in the umbilical vein (oxygenated blood flowing from the placenta towards the fetus) and umbilical artery (deoxygenated blood flowing from the fetus towards the placenta) samples ( Table 1) . Concentrations of corticosterone and cortisol measured in this study were lower than that reported by radioimmunoassay in previous studies [15] . This is not unexpected since radioimmunoassays detect other steroidal compounds that cross-react with the antibody, in addition to the steroid of interest.
In total, only 11/265 subjects had quantitatively similar (20.25 ng/ml,[A-V] ,0.25 mg/ml) or lower (20.25 ng/ml $ [A-V]) cortisol and corticosterone concentrations in the arterial blood samples. A further 22 subjects had a negative or small difference for either cortisol (14/22) or corticosterone (8/22), but not both corticosteroids. Thus, sampling errors mixing venous blood into the arterial sample, or mis-labelling samples, were probably rare (11/265 = 4.2%). Chart records of pH and base excess were not complete (114/265 subjects), limiting the usefulness of pH as a biomarker of venous blood in the arterial samples. No subjects were excluded from subsequent analyses.
After log(x+1) transformation, cortisol concentration was higher than corticosterone concentration (Paired-t; P,0.0001). Within individual samples, the two corticosteroids had a linear, positive association for absolute concentrations (R 2 = 0.71; slope = 0.04) and transformed concentrations (R 2 = 0.65; slope = 0.57). There was no evidence that fetal sex or parity affected the venous concentration of either corticosteroid (all P.0.40).
Preferential Fetal Corticosterone Synthesis
The median increase in corticosterone concentration [A-V] after passage through the fetus was 3.1 ng/ml with a range from 26.2 to +33.2 ng/ml, representing a median proportional increase of 1.48 ([A-V]/V; range 20.83 to 8.41; Figure 1 ). Cortisol concentration also increased from the venous to the arterial sample with a median increase of 24.5 ng/ml (range 2145 to +203 ng/ml), representing a median proportional increase of 0.49 (range 20.64 to +5.40). Thus, the median proportionate increase was three times larger in corticosterone than in cortisol (Paired t = 14.3, df = 264, P,0.0001). As expected, there was an overall positive association between the proportional ([A-V]/V) changes for the two corticosteroids (R 2 = 0.19; slope = 0.19, P,0.0001; Figure 2 ). Only 3/265 cortisol changes exceed a 250% increase whereas corticosterone changes larger than 250% were common (68/265 = 25.7%). In other words, although the absolute concentrations of cortisol were higher than those of corticosterone, corticosterone continued to increase in subjects where cortisol had reached an apparent maximum. Subsequent analyses tested the hypothesis that fetal corticosterone synthesis would be positively associated with fetal stress.
Impact of Type of Delivery
During active labor the maternal adrenal gland is highly activated and the placental 11ß-hydroxysteroid dehydrogenase (11ß-HSD) enzyme that converts maternal cortisol to cortisone in the placenta becomes saturated (16) . Thus, during active labor 11ß-HSD fails to prevent maternal cortisol from reaching the umbilical venous circulation. For that reason, both corticosterone and cortisol concentrations in the umbilical vein were increased by active labor (Both corticosteroids: Bartlett test for unequal variances P,0.0001, Welch ANOVA P,0.0001). Operative vaginal delivery (forceps or vacuum) did not increase any of the corticosteroid parameters relative to spontaneous vaginal deliveries (all P.0.18). In addition, only 3 of 14 Caesarian section decisions based on failure to progress in Stage 2 (FTP2) followed a failed operative vaginal delivery. Therefore, successful operative deliveries were coded with spontaneous vaginal deliveries, and FTP2 C-sections were coded as Emergency Csections. Corticosterone and cortisol concentrations in umbilical vein were highest in the vaginal deliveries (Dunnett's comparison of means against control), intermediate in the emergent C-sections (which also were preceded by active labor), and lowest in elective C-sections without previous labor ( Table 1) . As predicted, fetal corticosterone synthesis [A-V] was elevated (F (2,123.1) = 15.35, P,0.0001) for the vaginal deliveries relative to emergency C-section (P,0.025) and elective C-section (P,0.0001) which also differed (P,0.01; Figure 3 ). Fetal cortisol synthesis was also elevated (F (2,99.4) = 6.22, P,0.005) for the Vaginal deliveries, as compared to both types of Caesarean section delivery (Elective P,0.0001; Emergency P,0.002).
Impact of Regional Analgesia and/or Augmentation of Contractions in Vaginal Deliveries
As seen across the types of delivery, reduction of maternal stress with regional analgesia (followed by vaginal delivery) reduced the concentrations of corticosterone (2.5260.13 ng/ml versus 4.1060.40 ng/ml; t unequal variances P,0.0005) and cortisol (56640 ng/ml versus 86657 ng/ml; P,0.002) in the umbilical vein flowing from the placenta towards the fetus. However, the hypothesis that fetal corticosteroid synthesis would not be affected by maternal analgesia was not supported. Fetal corticosterone synthesis [A-V] was 3-fold higher in the presence of maternal analgesia (F (1,162) = 11.11; P,0.001: Figure 4 ) and there was no independent effect of maternal augmentation of contractions (P = 0.90) and no interaction between analgesia and augmentation (P = 0.95). Fetal cortisol synthesis also doubled in the presence of maternal analgesia (analgesia F (1,162) = 6.20; P,0.02; augmentation P = 0.71, interaction P = 0.53). Patterns were the same for proportional corticosteroid synthesis. Using the same model, the absolute concentration of cortisol in arterial circulation was not changed by maternal regional analgesia (P = 0.52) although corticosterone concentration was higher in the presence of maternal regional analgesia (P,0.03).
Rationale for Emergency Caesarean Section
All infants with fetal heart rate abnormalities had normal cord pH and Apgar scores at 5 minutes, indicating no significant intrapartum asphyxia, or fetal compromise (ie, delivery intervention was early and appropriate). As predicted by the hypothesis that fetal corticosterone synthesis would be positively associated with fetal stress, fetal corticosterone synthesis [A-V] was affected by the rationale for the emergency C-section (F (2, 23. 3) = 5.28, P,0.02; Figure 5 ). Corticosterone synthesis was higher for FTP2, which represents elevated fetal stress due to cephalo-pelvic disproportion detected after labor and pushing, than for FHR or FTP1 (P,0.002 and P,0.005). No effect of the rationale for emergency C-section was seen for cortisol synthesis (F (2,24.5) = 0.25, P = 0.78).
Discussion
Preferential fetal corticosterone synthesis was clearly demonstrated ( Figure 6 ). Both cortisol and corticosterone concentrations increased with passage through the fetus, but the overall change in the median cortisol concentration was 1.46 whereas the increase in median corticosterone was 2.86. A large majority of the matched samples indicated an increase in both corticosteroids from the venous circulation to the arterial circulation. Thus, the fetal adrenal was adding corticosteroids to the arterial circulation, and placental 11ß-HSD was clearing both corticosteroids [16] before the venous circulation returned to the fetus. In adult humans, cortisol is the dominant corticosteroid produced by the adrenal gland [7, 17] . In contrast, corticosterone is the dominant glucocorticoid produced by the adrenal gland of a large number of other vertebrate species, including reptiles and birds, as well as a range of mammals that includes the laboratory rats and mice typically used as animal models of human stress responses. Corticosterone is synthesized by the adult human adrenal gland, in smaller quantities than cortisol, as a precursor to aldosterone, and is considered less biologically important. Previous studies have measured corticosteroids in the umbilical cord, shortly after delivery [4, 15, [18] [19] [20] [21] , in either the umbilical artery [15] , vein [21] , or in mixed umbilical cord blood samples [4, 18] . Only two studies to date have compared intra-partum venous and arterial blood samples for both cortisol and corticosterone [19] [20] . In one, both corticosteroids were elevated in the umbilical vein, but not the umbilical arteries, in women who had premature deliveries (,37 weeks), as compared to women who gave birth to their babies at term [19] . In the second, the A-V difference became positive for cortisol and corticosterone after labor, suggesting fetal corticosteroid synthesis with labor [20] . Thus, developmental changes in fetal glucocorticoid synthesis (cortisol/corticosterone ratio) would be predicted as birth approaches (preferential corticosterone secretion; [15] ) and in the early postnatal period (shift towards the adult pattern of preferential cortisol synthesis: [22] [23] ). Normative values for these developmental changes, particularly in the pre-term neonate, are not yet known but could be important for appropriate neonatal diagnosis of adrenal function [24] .
Although cortisol concentrations were significantly higher than corticosterone concentrations within paired samples, there is ample evidence that steroids at low concentrations can be biologically potent. For example, the normal range for human estradiol is quantified as pg/ml whereas testosterone, even in women, is found at ng/ml concentrations. Thus, absolute concentration of steroid is a poor predictor of biological potency. Instead, it is clear that cells and tissues readily detect relative concentration changes relative to background concentration (changes in receptor occupancy, etc). In other words, a 10 ng/ ml increase against a background of 100 ng/ml is only a 10% increase whereas 10 ng/ml increase against a background of 10 ng/ml is a doubling (100% increase). For that reason, analyses considered the proportional increase in corticosteroid from venous to arterial circulation ([A-V]/V). Preferential proportional fetal corticosterone synthesis occurred irrespective of the concentration arriving at the fetus in the venous circulation, with the proportional increase in corticosteroid at 148% for corticosterone and 49% for cortisol.
Across individuals, the dynamic range for fetal corticosterone synthesis was considerably wider than the equivalent range for cortisol. In fact, the relative rarity of proportional cortisol increases .250% suggested that there might be an intrinsic limit to cortisol increases. This might be a function of negative feedback inhibition from the high background of venous maternal cortisol at birth [4, 20] , or even a function of the chemical solubility of cortisol in this flowing circulation, which is largely composed of water. A similar pattern, where the corticosteroid at lower concentrations has a wider dynamic response to sustained, acute stress (capture and handling rather than labor and delivery) has recently been described for diverse wildlife species [14] .
To test the hypothesis that fetal corticosterone synthesis intrapartum was positively associated with fetal stress during delivery, patient chart criteria were used, as defined in the study hypotheses, as proxy measures to stratify fetal stress. As expected, the proportional increase in corticosterone was larger than in cortisol, with vaginal delivery following labor highest, and elective Caesarian section lowest. Fetal heart abnormalities resulting in emergent Caesarean sections did not elevate fetal stress, as measured by umbilical corticosterone or cortisol levels, which was not surprising since none of the babies with FHR were compromised based on chart-derived measures. Neither was a fetal stress response detected for women who had an emergent Caesarean section for failure to dilate in the first stage of labor (FTP1). In stark contrast, obstructed labor due to cephalopelvic disproportion (i.e. failure to progress in second stage labor; FTP2) that resulted in an emergency Caesarean section was, as predicted, experienced as stressful by the fetus, with a tripling of corticosterone levels. No comparable response in cortisol was found, which might indicate that the maternal stress response, as measured immediately after delivery by emergency Caesarian section, is similar, irrespective of the clinical rationale for the C-section. Since the proportionate change in corticosterone in the FTP2 group resembles the vaginal delivery group, we infer that head compression into the pelvis (with a successful labor, or an obstructed labor) causes ''fetal stress'' with a selective tripling of fetal corticosterone biosynthesis and secretion. In future studies, fetal stress during compromised deliveries should also be assessed.
As expected, there was no additional effect of maternal augmentation of contractions on corticosteroid concentrations after progression through the birth canal for vaginal delivery, presumably because stressful passage through the birth canal occurs with and without augmentation. In contrast, fetal corticosteroid synthesis [A-V] was unexpectedly enhanced when the mother had regional analgesia during labor (i.e., epidural). Specifically, the venous concentrations of both corticosteroids arriving at the fetus were reduced by regional analgesia and fetal corticosterone synthesis was increased. Some combination of reduced maternal corticosteroid output, and effective placental 11ß-HSD inactivation, is the probable mechanism for the venous decrease. On the other hand, increased fetal corticosteroid synthesis, in the presence of maternal analgesia, might reflect fetal adrenal release from feedback inhibition previously driven by high venous concentrations. However, this result contrasts with a previous study, with smaller sample size, that found no relation of patient analgesia to venous umbilical cord concentrations of cortisol [21] .
During pregnancy, preferential fetal corticosterone synthesis could achieve, through competitive receptor binding at different isoforms of mineralocorticoid and glucocorticoid receptors in the juxtaposed placental arterial and venous vasculature, discrimination between maternal and fetal stress. It is easy to envision the adaptive value to both mother and fetus of being able to detect, and distinguish, fetal from maternal stress [25] . Certainly, there is an emerging literature, involving diverse species including humans, suggesting that developmental and/or early-life stress alters the subsequent stress-phenotype of the individual [26] [27] [28] [29] . In that context, the possibility that antenatal steroids, routinely provided to mothers at risk for pre-term delivery [29] , might alter fetal adrenal corticosterone synthesis [30] , also deserves investigation.
